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Reporter constructs using the chloramphenicol acetyltransferase gene under the control of muscle-specific f3-myosin heavy chain (f-MHC) or promiscuous (mouse sarcoma virus) promoters were injected into the canine myocardium. There was a linear dose-response relation between the level of gene expression and the quantity of plasmid DNA injected between 10 and 200 ,ug per injection site. U ntil recently, regulated gene expression in vivo has been studied by using transfection assays of cultured cells1-5 and/or by creating transgenic animals.6'7 Particularly in the case of terminally differentiated cells, such as the cardiac myocytes, the use of cultured cells has been hampered by low transfection efficiencies and the difficulty in reproducibly obtaining sufficient quantities of primary cells when phenotypically suitable established cell lines are not available. These problems are further accentuated in the study of genes expressed in the myocardium. Indeed, even in the best of cases, the interpretation and physiological significance of the results is weakened by the fact that the cells are not embedded in their natural environment. These reasons and the paucity of information available on cardiac gene regulation has stimulated the search for alternative approaches.
Introduction of exogenous DNA into germ cells and the creation of transgenic animals has greatly improved the study of gene regulation in a physiologically meaningful environment, as well as during development and organ differentiation,6 but for practical purposes, this approach is limited to small mammals, the mouse in particular, because of the significant effort and costs related to the creation of transgene carriers and the fact that the vast majority of genetic knowledge in mammals originates from the mouse. Thus, the recent demonstration of gene transfer in vivo by simple injection of pure plasmid DNA into skeletal muscle of living mice8 was a significant development that provided a convenient approach in the study of gene regulation and combined many of the advantages of the in vitro transfections and the transgenic models for short-term analyses. Varia-tions of this principle for in vivo gene transfer have been used to deliver recombinant DNA9-1" or in vitro genetically altered smooth muscle cells'12"3 to vascular endothelium via catheter, resulting in low levels of gene expression. In addition, this model of gene transfer in vivo offers a potential route for gene therapy in human disease. '4 The potential to take up and express naked DNA introduced by simple injection is not limited to skeletal muscle. In the recent past, several laboratories have demonstrated the expression of naked recombinant DNA injected into the rat heart.15-8 In this model, expression of the injected genes, as determined by histochemistry, appears to be localized around the injection channel,' 516 with a small number of cells actually expressing the gene product. 17 The transfection efficiency appears to be higher with closed circular than with linear plasmid DNA.15 Southern blot analysis of DNA obtained from skeletal muscle of mice injected with plasmid DNA provided the first evidence of the episomal localization of the gene construct. 8 Rodents differ substantially in their cardiovascular physiology and pathophysiology from humans in the rate of metabolism, as reflected in the heart rate, in the pattern of cardiac contractile isoforms,'1920 and in the induction of isoform switches during development and hypertrophy.2"22 Moreover, although small mammals have been the model of choice for genetic and molecular analyses, large mammals, particularly the dog, have been the model of choice for physiological studies, especially when a large heart is necessary for the analysis of cardiac performance. These facts, together with the closer similarities between canine and human cardiac physiology, make this species the animal of choice for the analysis of gene regulation under experimental conditions that are physiologically meaningful and that could provide relevant insights into expression patterns prevailing in humans.
For all these reasons, we have developed a methodology to study gene expression in large mammals by injection of plasmid DNA into canine myocardium. Our data, which show that the predominant isoform of contractile proteins in the canine myocardium is, as in humans, the ,3-myosin heavy chain (13- 
Data Analysis
All data are reported as mean±SEM. For statistical comparisons of CAT activity across time and regionally within the left ventricle, analysis of variance (ANOVA) was used. ANOVA was also used for promoter comparisons and comparison of injection techniques. When significant, intergroup comparisons were performed by unpaired t tests with the Bonferroni adjustment. Linear regression analysis was used to examine the correlation between CAT and luciferase activities in the cotransfection experiments. All analyses were performed on a Macintosh computer using STATVIEW II (Abacus Concepts Inc., Berkeley, Calif.) with p<0.05 considered significant.
Results

Expression of Gene Constructs Injected Into the Myocardium Follows Dose-Response Kinetics
To determine the efficiency and kinetics of expression of DNA injected into canine myocardium, we injected a constant volume of 200 ,tl containing increasing amounts of MSV-CAT plasmid DNA ranging from 10 to 300 jig per injection site into one dog heart. As depicted in Figure 1 , an amount as little as 10 ,ug DNA resulted in a CAT signal nearly 10 times the background signal. In the range of 10-200 ug, the dose-CAT activity relation appeared linear (y=0.2x+ 10.8; r2=0.54). the half-life of the expressed protein as well as that of the injected episomal DNA.
Reporter Gene Constructs Are Evenly Expressed Throughout the Left Ventricular Wall
Since it was the purpose of our study to establish a practical model to compare the regulation of different recombinant gene constructs within the same animal by injecting at numerous sites into the canine myocardium, we compared the expression of a given construct at different locations throughout the myocardium. To account for regional differences in uptake and/or expression of foreign DNA by the cardiocytes, we injected the muscle-specific construct -667rf8-MHC-CAT in 24 different sites of the left ventricle as depicted in Figure 4 . There were no detectable regional differences in CAT expression (ANOVA, p>0.05); however, because of the apparent trend toward decreased expression at the extreme base and apex of the left ventricle, we elected not to inject at those locations for subsequent experiments.
CAT Activity Is Approximately Threefold Higher in the Left Than in the Right Ventricle
One of the advantages of the canine versus the rodent model is the possibility to perform multiple injections also into the right ventricle. As shown in Figure 5 , the expression of promiscuous as well as tissue-specific promoter constructs was found to be a third that observed in the left ventricle. This phenomenon could be based on the difference in wall thickness, with a smaller number of cells being transfected along the injection tract in the right ventricle. Alternatively, this may reflect a higher chance of leakage of injected DNA into the myocardial cavity during injections into the right ventricle.
The Heart Expresses Injected Reporter Gene Constructs One to Two Orders of Magnitude Higher Than Does the Skeletal Muscle
To compare the level of expression of injected gene constructs in the canine heart with other organs and possibly detect organ-related differences in the expression of exogenous genes, we performed injections of the promiscuous MSV-CAT and the muscle-specific f8-MHC-CAT constructs into the quadriceps, a skeletal muscle of mixed fiber types. The values in Figure 5 are expressed as percentage of the expression of the according construct in the left ventricle. The expression of both the muscle-specific and promiscuous promoter constructs was, respectively, approximately one and two orders of magnitude lower in the skeletal muscle than in the left ventricle. As demonstrated before on mRNA levels in the rat, the 13-MHC is most abundant in the soleus, a skeletal slow-twitch muscle, and also in the cardiac ventricle in hypothyroid animals.3' Thus, the low level of expression of the p-MHC promoter construct may be due to the fact that we injected the DNA into a mixed-fiber muscle, in which the fB-MHC protein is much less abundant than it is in slow-twitch fiber muscle. The reason for the lower expression of the promiscuous construct in the skeletal muscle compared with the heart is unknown. 
Coinjection of a Control Gene Construct (RSV-Luciferase) Has Proven Useful in Monitoring the Transfection Efficiency in This Model
Cotransfection is used to control for transfection efficiency in vitro, and it has also been used in vivo, '8,32 but its usefulness in in vivo experiments has not been evaluated before. This is particularly important since, in contrast to cell culture studies, the transfected cell pool consists of a heterogeneous cell population, which may express the two gene constructs in a diverse pattern, rendering the coinjection useless. Two representative experiments were analyzed for correlation of CAT versus luciferase expression in this model, as depicted in Figure 6 . In one experiment, the muscle-specific -667r,B-MHC-CAT construct was coinjected with the RSV-luciferase gene ( Figure 6A ). The Open bar is RV (n=10 for MSVI n=8 for -667 rat f3MHC).
Hatched bar is skeletal muscle (n=l Ofor MSV, n =9for -667 rat /3MHC). After characterization of many important parameters relevant for the regulated expression of injected reporter gene constructs, we addressed the question of the feasibility of this model for mapping promoter sequences and thus identifying regulatory gene sequences in vivo. Constructs using serial deletions of the 5' flanking region of the f3-MHC gene cloned in front of the CAT reporter gene were used ( Figure 7) . As a negative control, we used a construct containing the nucleotide sequence -256 to +397 relative to the transcription start site of the ApoAl gene, which has been shown to be expressed in hepatocytes specifically. 27 Activity of the different 13-MHC constructs was compared by ANOVA (p=0.001). All six possible pairwise comparisons were made and found to be significant (p < 0.005), except -354rp-MHC versus -215rf3-MHC. The local pattern of exogenous gene expression has not been addressed before because of the small size of the species investigated. In the present study, we find no regional differences in expression for a muscle-specific promoter construct throughout the left ventricular wall. This renders the canine model suitable for comparison of different injected gene constructs within one animal, thus reducing the interindividual variability, whereas a large pool of animals is required in studies undertaken on rodents to gain statistical significance. 38 In contrast, we observed a reduction of expression in the right ventricle to approximately one third of the left ventricle, which is probably related to the differences in wall thickness and thus the number of cells, which can be transfected along the needle tract.
The histological distribution of cell transfection has been addressed in several reports either by analysis of expression in different areas around the injection site15 or by use of constructs containing the coding sequence of the Escherichia coli lacZ gene.16 '7 Apparently only cells in the direct vicinity of the needle tract are transfected. This observation raised the question about the mechanism of DNA uptake in this model, since the localization around the needle tract favors the hypothesis of DNA uptake through leaking cell membranes induced by injury. However, our data reported here do not favor this hypothesis. The comparison of three different injection techniques with different degrees of injury imposed on the cardiac tissue did not reveal a positive correlation between the degree of injury and DNA uptake or expression. Since the expression pattern of injected reporter gene constructs seems to display tissue-specific gene regulation mechanisms (Figure 7) , it is unlikely that macrophages, chemotactically attracted to the injection site and supposedly able to incorporate DNA molecules by phagocytosis, contribute significantly to the expression of the injected reporter gene constructs. However, the exact mechanism of uptake of injected DNA remains elusive. It has been reported elsewhere that administration of DNA through multiple injections decreased the expression or uptake of the injected gene constructs. 38 Since this observation is not in agreement with our results, further studies have to be undertaken to elucidate the mechanism of uptake of exogenous DNA constructs into mammalian cells in vivo.
Both, promiscuous and muscle-specific promoter constructs demonstrated a much lower level of expression in the skeletal muscle than in the heart. This observation is consistent with another report in which the promiscuous RSV-CAT, used for coinjection, was expressed approximately 20-fold less in skeletal muscle than in the heart of rats.'8 The reason for this difference in expression is not known and is the subject of speculation. The marked difference in expression of the promiscuous MSV-CAT promoter construct between cardiac and skeletal muscle is surprising if one bears in mind the generally known high level of expression of this construct in transfection assays of all cell types studied so far. In contrast to cells in culture, which do not underlie physiological control mechanisms, the expression of injected plasmid DNA in our model might reflect differences between certain organs, regarding the prevailing physiological regulation pattern. The rhythmical contraction of the heart with the concomitant alteration of the myocardial wall stress or other regional differences in the neurohormonal regulation of organ function might account for the observed difference of expression of both constructs in vivo. The differences in the structure of the tubule system between cardiac and skeletal muscle cells might be related to a different efficiency of DNA uptake between these two cell types. As for the ,B-MHC reporter construct, it also may reflect the difference in abundance of the ,B-MHC protein between cardiac and mixed fiber muscle as has been shown before.31 However, more work will be required to uncover the basis for this phenomenon.
Although coinjection of a second gene construct to account for transfection efficiency, thereby reducing the variability inherent in transfection assays of cell cultures, is very common, its usefulness in in vivo gene transfer experiments has not been analyzed before. Our results indicate a high degree of correlation between expression of both injected genes, independent of the tissue specificity of the driving promoter. Thus, cotransfection in this model has proven to be useful.
To assess the usefulness of direct injection of DNA into canine myocardium to identify regulatory gene sequences important for in vivo expression (promoter mapping), we injected constructs containing a series of deletions of the 5' flanking region of the P-MHC gene.
Our data are in general agreement with results obtained from transfection assays of skeletal and cardiac muscle cells.25 Notably, the -667rf3-MHC-CAT construct seems to be more active in the heart than in skeletal muscle cells, as one can see by comparing the relative activity of the -667 with the -354 and the -215rj3-MHC-CAT construct in the heart and in transfected skeletal muscle cells. 25 The reason for this observation is unknown, but it might reflect the existence of a positive regulatory element between nucleotide positions -667 and -354, which is recognized specifically in cardiocytes and acts cooperatively with other positive regulatory elements further downstream from the ,B-MHC gene promoter, one of which may be located between positions -215 and -186 relative to the transcription start site, as indicated by the marked drop of CAT activity induced by deletion of this sequence. This is in agreement with studies performed on cell cultures, in which the same sequence has been found to be important for the basal activity of the 83-MHC promoter in Sol8 myotubes. 25 In general, these findings prove the usefulness of this method in the identification of regulatory gene sequences in vivo and possibly their importance in the induction of pathophysiological conditions. In summary, injection of recombinant gene constructs into canine myocardium appears to be a practical and efficient model for studying the regulated gene expression in the heart of large mammals. It allows for better extrapolation to humans than methods using small mammals, as have been done so far for this type of analyses. Furthermore, this model holds promise to serve as a tool to manipulate the cardiac phenotype.
